Historically, influenza virus was not considered a pathogen in dogs until equine-origin canine influenza subtype H3N8 emerged in the USA in 2004 (Crawford et al., 2005) . The unprecedented transmission of an H3N2 avian influenza virus (AIV) to dogs was reported in South Korea in 2007 (Song et al., 2008) . This was the first time that a low pathogenic AIV caused a respiratory disease in dogs. This influenza virus strain infected healthy dogs, resulting in clinical outcomes ranging from mild respiratory illness to death. Analysis of the genes of avian-origin H3N2 canine influenza virus (CIV) circulating in East Asia revealed high homology of all eight genes to those of AIVs circulating in live-bird markets (Lee et al., 2010a) . Subsequent experimental dog-to-dog transmission of the H3N2 virus was reported, and serological evidence of the infection was detected in farm and pet dogs in South Korea Song et al., 2009) . Furthermore, avian-origin H3N2 CIV infection in dogs was not only reported in South Korea but also in southern China in (Li et al., 2010 . A novel reassortant canine H3N1 influenza virus between pandemic H1N1 and canine H3N2 influenza viruses has been isolated in South Korea (Song et al., 2012) .
Evidence of canine influenza infection in pet dogs, a primary companion animal for humans, raises the possibility that dogs may provide a new source for transmission of novel influenza A viruses to humans. Thus, knowledge of the inherent possibility of infection and transmission of CIV in humans is important for devising and implementing appropriate public health responses. To this end, we characterized the pathogenesis and transmissibility of H3N2 CIV in the ferret (Mustela putorius furo), which is a suitable animal model for influenza A virus infections in humans (Barnard, 2009; Maher & DeStefano, 2004) .
Experiments were performed on animals housed in separate positive pressure isolators of the isolation facility at the Konkuk University. All experiments were approved by the ethics committee of the university. The virus used was avianorigin CIV A/canine/Korea/LBM412/2008, subtype H3N2, which had been isolated from a pet dog showing a mild cough as a symptom (Lee et al., 2010b) . Twelve-week-old ferrets were used. All animals were seronegative to influenza by nucleocapsid protein (NP)-based ELISA (Bionote) and negative for influenza H3 antigen in haemagglutinationinhibition (HI) assays.
In experiment 1, three ferrets were inoculated intranasally with a 10 7.0 50 % egg infectious dose (EID 50 ) of CIV. Two naive ferrets were housed in the same containment isolator from day 1 post-inoculation (p.i.). All five ferrets were housed together during experiment 1. All ferrets were monitored by physical examination and for viral excretion for 9 days using nasal washes. Serum samples were collected at day 14 p.i. and analysed by HI assay with CIV (H3N2). A second transmission experiment was performed using two inoculated and two naïve ferrets. All four ferrets were housed together during experiment 2. In experiment 3, two inoculated ferrets were co-mingled with two naïve ferrets until these animals were infected. Then, the recipient was removed from the first isolator and co-housed with two naïve ferrets in a second isolator. In the fourth transmission experiment, two ferrets were inoculated intranasally with 10 7.0 EID 50 of seasonal human influenza virus A/Brisbane/ 10/2007 (H3N2), and two naive ferrets were co-mingled with the inoculated ferrets on day 1 p.i. All four ferrets housed together during experiment 4. Three additional ferrets inoculated with CIV were euthanized on day 3 p.i. to assess infectious virus in tissues and for a histopathological study.
All ferrets inoculated with CIV exhibited clinical signs of disease, including lethargy, sneezing, ruffled fur and decreased interest in food. Sneezing was observed frequently from 3 days p.i. and continued to day 9 p.i. in all ferrets inoculated with CIV. In contrast, only one of the ferrets inoculated with H3N2 human influenza virus was sneezing. The mean maximum weight loss was 15 % for the CIVinoculated ferrets and 8 % for the ferrets inoculated with seasonal H3N2 influenza virus (Table 1 ). All ferrets inoculated with CIV shed high-peak mean titres of infectious virus in nasal washes as early as day 1 p.i. Viral shedding was sustained for at least 5 days p.i. in the ferrets inoculated with CIV. The virus was detected in nasal washes from three of the contact ferrets housed with the CIV-inoculated ferrets on day 3 p.i. However, only three (ferret nos. 4, 8 and 13) of the contact ferrets showed clinical symptoms (sneezing and decreased interest in food) and shed virus in nasal washes until 7 days p.i. The virus was detected in contact ferret #5 only on day 3, but no seroconversion occurred. It is likely that this animal was not infected, and that the virus detected was an environmental contaminate perhaps from the animal nares. Although peak titres in CIV-inoculated animals were quite high in some ferrets, peak titres in contact ferrets were much lower. Furthermore, the virus was not detected in nasal washes from all second-contact ferrets in experiment 3. Seroconversion was detected by HI assay in all inoculated ferrets and three of the contact ferrets at day 14 p.i. Mean nasal wash virus titres of the ferrets inoculated with seasonal H3N2 influenza virus reached a maximal of 5.9±0.5 log 10 EID 50 on day 3 p.i. Seasonal H3N2 influenza virus was efficiently transmitted to two contact ferrets, as demonstrated by detection of virus in nasal washes from days 3-9 p.i. and the HI antibody at day 14 p.i. In examination of viral load profile, exuberant virus replication was evident in the upper and lower respiratory tract of ferrets on day 3 p.i. (Table 2 ). In particular, virus was detected at a low titre in Table 1 . Virus shedding, seroconversion and transmission in ferrets inoculated with H3N2 influenza viruses Per cent maximum weight loss is shown. Nasal washes from the ferrets were collected every other day for viral titration. Virus titres in nasal washes are given in units of log 10 EID 50 ml 21 . Ferret serum samples were examined by HI assay using canine influenza virus ( brains from three CIV-inoculated ferrets. No virus was recovered from the heart, liver, kidney, spleen, thymus, intestine or blood of CIV-inoculated ferrets (data not shown).
Necropsy examination revealed gross lesions in the lung, including focal-to-multifocal mild consolidation, consistent with influenza-induced lung lesions in other species. A spectrum of histopathological features was found in the lungs and brains of ferrets inoculated with CIV. On day 3 p.i., acute bronchiolitis and bronchopneumonia were observed in the lungs of ferrets inoculated with CIV and were characterized by mild degeneration and necrosis of bronchiolar epithelium with necrotic cellular debris in the airways, slight lymphocytic infiltration around peribronchiolar areas, and slight lymphocytic and macrophagic cellular infiltration in alveoli (Fig. 1a) . Viral-antigen-positive cells were distributed in the inflammatory lesions, and many of these cells were elongated with a thin cytoplasm and hemming around the alveolar wall, which are characteristic features of type I pneumocytes (Fig.  1b) . In addition, viral antigen was sporadically detected as linear staining along the bronchiolar epithelium (Fig. 1c) . Histopathological features detected in the brains of ferrets inoculated with CIV on day 3 p.i. included mild infiltration of inflammatory cells, vacuolation of neutrophils, demyelination and neuronal necrosis ( Fig. 1d and g ). Interestingly, viral antigen was extensively detected in neurons ( Fig. 1e and f), ependymal cells (Fig. 1h ) and glial cells (Fig. 1i) of brains by immunohistochemistry.
These results demonstrate that H3N2 CIV replicated efficiently in both the upper and lower respiratory tract of ferrets and was associated with moderate clinical signs and pathological changes. These results are in agreement with previous observations in dogs infected with H3N2 CIV (Lee et al., 2011) . Furthermore, our results indicate that H3N2 CIV causes more severe clinical signs than those of seasonal H3N2 influenza virus in ferrets. Although both viruses presented with similar viral shedding patterns, much higher viral titres were found in the H3N2 CIVinfected ferrets. Greater weight loss was observed in all ferrets with the H3N2 CIV than in those with the seasonal H3N2 influenza virus. Therefore, the H3N2 CIV seemed to be more pathogenic than that of the seasonal human H3N2 virus, A/Brisbane/10/2007 (H3N2).
Consistent with the experimental transmission data obtained with contemporary human H1N1 and H3N2 viruses (Maines et al., 2006 Van Hoeven et al., 2009; Yen et al., 2007) , the seasonal H3N2 influenza virus efficiently transmitted via direct contact to all contact ferrets, which shed virus as early as day 2 after contact. Presently, H3N2 CIV exhibited less efficient direct contact transmission in ferrets in comparison with the highly transmissible phenotype of the seasonal H3N2 virus. In addition, we showed that naturally CIV-infected ferrets did not act as donors. Although it is controversial to over extrapolate experimental results obtained from the ferret model to humans (Cohen, 2012; Palese & Wang, 2012) , the ferret system is an important model for the study of influenza transmission, virulence and immunity until the present (Belser et al., 2007; Maines et al., 2005) . Generally, the ferret model provides a more accurate reflection of how influenza viruses affect humans compared with that of the mouse model and shares similar expression and distribution of receptors used by influenza viruses in the respiratory tract . Therefore, at this point, our results suggest that the risk for sustained human transmission of H3N2 CIV is low.
Previously, a seasonal H3N2 virus and the 2009 pandemic H1N1 virus have been detected in brains of ferrets; however, no evidence of viral antigens in the brain was reported (Kwon et al., 2010; Zitzow et al., 2002) . The neuroinvasiveness of highly pathogenic avian influenza H5N1 viruses has only been reported in the ferret model (Shinya et al., 2011; Zitzow et al., 2002) . To our surprise, viral antigens were detected from the brains of ferrets infected with H3N2 CIV. Therefore, brain parenchymal invasion, as demonstrated by the presence of viral antigens, is not only a characteristic of H5N1 viruses, but also that of H3N2 CIV. It is well known that animals (Tanimura et al., 2006; Zitzow et al., 2002) and humans (de Jong et al., 2005; Gambotto et al., 2008) infected with H5N1 show acute neurological signs ranging from mild encephalitis to motor disturbances to coma. However, Shinya et al. (2011) reported that an H5N1 virus causes nonsuppurative encephalitis in ferrets, which lasted for 3 months without neurological signs. Considering that CIV-infected ferrets also showed subclinical non-suppurative encephalitis, further studies are needed to examined the longer-term neurological consequences of H3N2 CIV infection among dogs.
Our results demonstrate that H3N2 CIV readily infects ferrets and can be partially transmitted among co-housed ferrets. Considering these characteristics of H3N2 CIV infection in ferrets and epidemics of the virus in pet dogs, we should continue to watch this virus. Our findings emphasize that continued monitoring of H3N2 CIV is needed to investigate the potential for the emergence of a novel human pathogen.
